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S u m m a r y
B a c k g r o u n d:  I dentification of biological specimens is a maj or req uirement for a range of applications. 
R eference-free methods analyse unprocessed seq uencing data w ithout relying on prior k now ledge, but 
generally do not scale to arbitrarily large genomes and arbitrarily large phylogenetic distances.
R e s u l t s:  W e present Ä®Ù®, a practical tool for clustering genomic and transcriptomic data w ith 
ŶŽůŝŵŝƚaƚŝŽŶŽŶŐĞŶŽŵĞƐŝǌĞŽƌƉŚǇůŽŐĞŶĞƚŝĐĚŝƐƚaŶĐĞƐ͘tĞƐƵĐĐĞƐƐĨƵůůǇƐŝŵƵůƚaŶĞŽƵƐůǇĐůƵƐƚĞƌĞĚλπσ
ŐĞŶŽŵŝĐaŶĚƚƌaŶƐĐƌŝƉƚŽŵŝĐĚaƚaƐĞƚƐĨƌŽŵξŬŝŶŐĚŽŵƐ͕aĐŚŝĞǀŝŶŐλκκйŝĚĞŶƚŝĨŝĐaƚŝŽŶaĐĐƵƌaĐǇaƚƐƵ-
ƉƌaͲƐƉĞĐŝĞƐůĞǀĞůaŶĚρςйaĐĐƵƌaĐǇĨŽƌƐƉĞĐŝĞƐůĞǀĞů͘
D i s c u s s i o n:  Ä®Ù® allow s for fast, resource-efficient comparison and identification of both raw  and 
assembled genome and transcriptome data. T his can help answ er both fundamental ( e.g. in phylogeny, 
ĞĐŽůŽŐŝĐaůĚŝǀĞƌƐŝƚǇaŶaůǇƐŝƐͿaŶĚƉƌaĐƚŝĐaůƋƵĞƐƚŝŽŶƐ;Ğ͘Ő͘ƐĞƋƵĞŶĐŝŶŐƋƵaůŝƚǇĐŽŶƚƌŽů͕ƉƌŝŵĞƌĚĞƐŝŐŶͿ͘
B a c k g r o u n dUnequivocal identification of biological specimens is a major requirement for reliable and reproducible (bio)medical research, control of intellectual property by biological patent holders, regulating the flow of biological specimen across national borders, en-
r the aa prt ȋertǡ ͖͔͕͔Ȍ a er the athett  a  the biological source of products by customs authority.Several methods for species identification have been developed based on DNA anal-ysis, that can be classified as probe-based and nucleotide sequencing based methods. Probe-based technologies include microarrays, PCR probes, DNA fingerprinting and immunoassays involving the hybridization of DNA samples with predetermined sets of probes or primers. Such methods are cheap and allow precise identification, but may fail in cases where target DNA is not precisely matched by the probes or primers. Alterna-tively, nucleotide sequencing methods have been developed to increase accuracy, flex-ibility and throughput. These can be separated into complete or targeted approaches. Targeted identification of short and highly variable genomic regions by exome capture, Expressed Sequence Tag (EST), DNA barcoding and ribosomal DNA (rDNA) sequenc-ing has been used for many years. Targeted DNA sequencing can be done iteratively for taxonomic identification at subspecies, accession and cultivar levels. Whole Genome Sequencing (WGS) and RNA-seq using Next Generation Sequencing (NGS) technology, examples of complete sequencing methods, have the highest information content of all methods, although its high cost has prevented it from being adopted massively. However, with the recent reduction of costs and increase in throughput, NGS starts to become more prevalent, making it a feasible alternative method for species identification. This calls for the creation of a new a set of tools to comprehensively analyse the deluge of data.Methods for species identification based on NGS data can be separated into two main classes: reference-based and reference-free methods (reviewed in Pettengill et al.ǡ ͖͔͕4ȌǤ Reference-based methods usually map the sequence reads to the genome of a close rel-
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ative and infer the phylogeny by aligning the observed polymorphisms. This technol-ogy requires quality control (cleaning) of the data, mapping the data to the genomic sequence of a close relative, and detection and comparison of polymorphisms (Bertels 
et al.ǡ ͖͔͕4ȌǤ  tratǡ reereeǦree eth ȋ	Ȍ are ee t aae pr-cessed sequencing data without any previous knowledge of its identity. The data can be compared against other datasets of unknown samples, in the case of metagenomics comparing population structures (Chan et al.ǡ ͖͔͔͜aǢ Cha et al.ǡ ͖͔͔͜Ǣ a et al.ǡ ͖͔͔͝Ǣ Greenblum et al.ǡ ͖͔͕͙Ǣ rt et al.ǡ ͖͔͕4Ǣ ar a tǡ ͖͔͔͛Ǣ h et 
al.ǡ ͖͔͕͗Ǣ t et al.ǡ ͖͔͕4Ǣ  a aerǡ ͖͔͕4Ǣ a et al.ǡ ͖͔͕͔Ȍ r aat a pae 
  peeǤ  the atter aeǡ t a et pre  apeǡ  it an approximate position relative to the known species.
	 eth a e ae  the rete 	rer rar ȋ	Ȍǡ pre and kǦerǤ 	 ethǡ h a  ȋa et al.ǡ ͖͔͕͙Ȍǡ trar ete ee-es into frequency statistics and compare these for species classification. Although re-markably fast, this method is not able to store the differences between the genomes for further enquiry, yielding no insight into sequence composition. Compression based methods calculate the distance between pairs of sequences by analysing the reduction in computer memory usage when both sequences are compressed together (Tran and 
Cheǡ ͖͔͕4ȌǤ eerǡ preǦae eth are te a rere tee r large genomes or large datasets. K-mer based methods split the nucleotide sequence information in the form of NGS reads (.fastq files) or assembled data (.fasta files) into all its constituent substrings of size k, which are then used to calculate the similarity between the sequences of the samples. Several implementations of kǦer ae 	 
etǡ h a 		 ȋ et al.ǡ ͖͔͔͝Ȍǡ CĔǦčĞđĔČ ȋ a  ͖͔͕͗Ȍǡ Ċĝę (Roychowd-hury et al.ǡ ͖͔͕͗Ȍǡ ĚđęĎđĎČē	ėĊĊ (Ren et al.ǡ ͖͔͕͗Ȍǡ Đ ȋ
arer a aǡ ͖͔͕͗Ȍ a 
ĕĆĈĊĉ ĔėĉĘȀC (Horwege et al.ǡ ͖͔͕4ȌǤ thh ther er prpe are generally useful for the analysis of large data collections, most implementations are de-signed for either analysis of a limited portion of the data, such as organelles or ribosomal DNA, or analysis of closely related species (such as bacteria, in metagenomics applica-tions). As a consequence, it is not feasible to apply these tools on large amounts of whole-genome sequencing data or to analyse data that spans large phylogenetic distances. One exception is the tool proposed in (Cannon et al.ǡ ͖͔͕͔Ȍ that  ae t  prph shared by subsets of the data by counting and merging sets of k-mers. This tool was suc-
e e  ȋa et al.ǡ ͖͔͕͖Ȍ t pare ͕͛4 hrpat ee a ha a ar approach to ours.Here we present CēĎĉĆėĎĆǡ a arth that ep a e 	 trate r pe-cies identification based on k-mer counting, designed from the ground up to allow analy-sis of very large collections of genome, transcriptome and raw NGS data using minimal resources. CēĎĉĆėĎĆ improves over previous methods and overcomes their limitations on size and phylogenetic distance by allowing fast analysis of complete NGS data. To this 
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end, it can export a database with pre-processed data so that new samples can be quickly compared against a large database of references, without the need to re-process all the 
ataǤ  trat t the eth e  ĊċĊėĊēĈĊ	ėĊĊ (Cannon et al. , ͖͔͕͔Ȍǡ CēĎĉĆėĎĆ is much faster, produces smaller files, is able to produce phylogenetic trees and uses the popular and fast k-mer count software ĊđđĞċĎĘč ȋara a rǡ ͖͔͕͕Ȍǡ a-ing for easy integration in existing NGS quality checking pipelines. We demonstrate the performance and capabilities of CēĎĉĆėĎĆ  aa ͕͚͝ apeǡ ahe eeet identification accuracy.
I m p l e m e n t a t i o n
CēĎĉĆėĎĆ works with both raw sequencing data and assembled data, both from WGS and 
Ǧe reǡ  a atǤ t e k-mers extracted by ĊđđĞċĎĘč (Marcais 
a rǡ ͖͔͕͕Ȍǡ a at k-mer counting tool that produces a database of all k-mers present in a query sequence. The advantage of ĊđđĞċĎĘč over comparable software is its ability to create a sparse, compressed database in which the k-mers are ordered ac-cording to a deterministic hashing algorithm, thus allowing for the parallel and efficient 
erȀpre  the ataae e a k-mers are in the same predictable order across different databases. After creating a database containing all k-mers in each sample by running ĊđđĞċĎĘč, 
CēĎĉĆėĎĆ efficiently merges these databases and extracts the number of k-mers shared between the samples. CēĎĉĆėĎĆ then converts this data into a matrix containing the number of k-mers shared between each pair of samples. This information is then used to calculate the J ac c ard distance, as in CĔǦčĞđĔČ ȋ a ǡ ͖͔͕͗Ȍǡ etee apeǣ
Here, Vab is the number of k-mers shared by both samples A and B, Va is the number of valid k-mers in sample A and Vb is the number of valid k-mers in sample B. When A is 
ea t ǡ the tae  ͔Ǥ he ret J ac c ard distance matrix is then processed by 
ĞĈĔČĊēę Ǥ͕Ǥ͙Ǥ͗ ȋht et al.ǡ ͖͔͔͛Ȍǡ hh ter the ata  ehrǦ and creates a phylogenetic tree in ĊĜĎĈĐ format, aiding in the identification of the un-
 ape  the ataetǤ 	r ea aat  the ataǡ the ar ataae can also be converted to a standalone HTML page for (dynamic) display of the phylo-genetic tree and plotting any statistics of the analysis directly in the tree. A graphical 
repreetat  thee tep a e   	re ͕Ǥ
CēĎĉĆėĎĆ can be run in two modes: Database Creation Mode and Sample Analysis Mode. The latter is an order of magnitude faster than the former, generating only a 
CēĎĉĆėĎĆ ar ataae ȋCȌǢ ataae Creat e tae er t r a t 
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exports both a CSD file and a CēĎĉĆėĎĆ Complete Database (CCD). The CSD contains the total number of k-mers for each sample, the number of k-mers shared by at least two samples (valid k-mers), and the pairwise number of shared k-mers. The CCD file contains all k-mers present in the datasets analysed, stored in the database using two bits per 
ete eǡ a ther repete preeeȀaee t er hh et  samples contains each k-mer. The CCD can be used as an input to CēĎĉĆėĎĆ itself, allow-ing new samples to be directly compared against a pre-calculated larger dataset, speed-ing up the analysis significantly since the speed of CēĎĉĆėĎĆ is directly correlated to the number and size of the input files. Hence, the software permits a shorter run time for the comparison of a new sample, using Sample Analysis Mode, against a large reference panel stored in a single CCD file.Besides the source code, a precompiled version of CēĎĉĆėĎĆ is available that runs 
 t ͚4Ǧt  trtǤ  e thǡ 
 a ee e h rt e 
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Figure 1: CēĎĉĆėĎĆ analysis summary. T he ĊđđĞċĎĘč softw are reads each of the source seq uence 
ĨŝůĞƐ;ŝŶ&aƐƚaŽƌ&aƐƚƋĨŽƌŵaƚƐͿ͕ĞǆƚƌaĐƚƐƚŚĞŝƌk-mers (kсϯŝŶƚŚŝƐĞǆaŵƉůĞͿ͕ĐaŶŽŶŝǌĞƐƚŚĞŵ;ďǇŐĞŶĞƌaƚ-
ŝŶŐƚŚĞƌĞǀĞƌƐĞĐŽŵƉůĞŵĞŶƚŽĨĞaĐŚk-mer and storing only the kͲŵĞƌǁŚŝĐŚaƉƉĞaƌƐĨŝƌƐƚůĞǆŝĐŽŐƌaƉŚŝ-
ĐaůůǇͿ͕ŽƌĚĞƌƐƚŚĞŵaĐĐŽƌĚŝŶŐƚŽaĚĞƚĞƌŵŝŶŝƐƚŝĐŚaƐŚŝŶŐaůŐŽƌŝƚŚŵ;ŝŶƚŚŝƐĞǆaŵƉůĞ͕aůƉŚaďĞƚŝĐaůůǇͿaŶĚ
ƚŚĞŶƐaǀĞƐĞaĐŚĚaƚaƐĞƚŝŶaƐĞƉaƌaƚĞĚĚaƚaďaƐĞĨŝůĞ;͘ũĨͿ͘Ä®Ù® subseq uently reads these databases 
and compares them, side-by-side, by counting the total number of kͲŵĞƌƐ;ǁŚŝƚĞĐŝƌĐůĞƐͿ͕ƚŚĞŶƵŵďĞƌ
ŽĨǀaůŝĚk-mers (kͲŵĞƌƐƐŚaƌĞĚďǇaƚůĞaƐƚƚǁŽƐaŵƉůĞƐ͕ďůaĐŬĐŝƌĐůĞƐͿaŶĚƚŚĞŶƵŵďĞƌŽĨƐŚaƌĞĚk-mers 
ĨŽƌĞaĐŚƉaŝƌŽĨƐaŵƉůĞƐaƐaŵaƚƌŝǆ͘dŚŽƐĞǀaůƵĞƐaƌĞĞǆƉŽƌƚĞĚƚŽaÄ®Ù® S ummary Database ( C S D, 
a͘ũƐŽŶĨŝůĞͿƚŚaƚŝƐƚŚĞŶƵƐĞĚƚŽĐŽŶƐƚƌƵĐƚaŵaƚƌŝǆŽĨ:aĐĐaƌĚĚŝƐƚaŶĐĞƐďĞƚǁĞĞŶƚŚĞƐaŵƉůĞƐ;&ŽƌŵƵůa
ϭͿ͘dŚŝƐĚŝƐƐŝŵŝůaƌŝƚǇŵaƚƌŝǆŝƐƚŚĞŶƵƐĞĚĨŽƌĐůƵƐƚĞƌŝŶŐďǇEĞŝŐŚďŽƵƌͲ:ŽŝŶŝŶŐaŶĚĞǆƉŽƌƚĞĚaƐaEó®» 
ƚƌĞĞ͘ůƚĞƌŶaƚŝǀĞůǇ͕Ä®Ù®ĐaŶĞǆƉŽƌƚaÄ®Ù®ŽŵƉůĞƚĞaƚaďaƐĞ;͕a͘ĐŶĞĨŝůĞͿĐŽŶƚaŝŶŝŶŐaůů
k-mers and a link ed list describing their presence/ absence in the samples. T his second database can be 
used as an input dataset together w ith other .cne or .j f files.
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converted to a ĊđđĞċĎĘč database using ĊđđĞċĎĘč ȋa prepe er ͖Ǥ͕͗  a included with CēĎĉĆėĎĆ, along with auxiliary scripts to facilitate the conversion). Then, 
CēĎĉĆėĎĆ should be run on as many CCD databases as needed, either in Database Crea-tion Mode (producing both a CSD and CCD file) or in Sample Analysis Mode (producing only a CSD file). Either way, an auxiliary python script can be run on the CSD file to gen-erate a k-mer count matrix in CSV format, a J ac c ard distance matrix in CSV format and a phylogenetic tree in ĊĜĎĈĐ format. Helper scripts are available to visualize the ĊĜĎĈĐ tree as a PNG file.
R e s u l t s  a n d  D i s c u s s i o n
D a t a  s e tTo validate the performance of CēĎĉĆėĎĆǡ e athere a et  ͕͙͗ eǡ tra-
rpt a ra 
 ataet er a e rae  raǤ ͜4 ape ere of tomatoes, part of a large dataset recently published (Aflitos et al.ǡ ͖͔͕4ȌǤ  t  a 
ape a e   ppeetar ae ͕Ǥ  ataet ere aae  ĊđđĞ-
ċĎĘč counting canonized k-mers. Canonization is the process of only storing the lexico-graphically smallest between a k-mer and its reverse complement. This step is required as both molecules are technically the same: the existence of one implies the existence of 
the ther  the peetar  traǤ he ataet ere the pt  ͙͔ pee 
a e er ͖͔ threa  a ͔͜ re teȋȌ eȋȌ C ͛Ǧ 4͙͔͜ ̷ ͖Ǥ͔͔ 
 
aheǡ pee p the aa apprate 4͔ te pare t eǦthrea analysis on the same CPU. We then created a CēĎĉĆėĎĆ Complete Database (CCD) con-
ta a ͕͙͗ apeǤ
I n f l u e n c e  o f  k- m e r s i z eTo investigate the influence of the k-mer size in the accuracy of the phylogenetic infer-ence of CēĎĉĆėĎĆǡ e aae the pae  ͕͙͗ ape th k α ͕͕ǡ ͕͙ǡ ͕ ǡ͛ ͖͕ a ͕͗ ȋpre-
ee hah e  ͕͖͜ ǡ ͖͙͚ ǡ ͙͕͖ ǡ ͕  a 4 ǡ repe-
teȌǤ he ret tatt a a e   ppeetar ae ͕Ǥ 
e t the  pet  ͕͕Ǧerǡ a pe k-mer of this size were found in the datasets and all kǦer ere hare etee at eat t ape ȋae ͕ȌǤ h arre little clustering information and generates many zero distances (minimum dissimilar-
tȌ a h  	re ͖ǡ ͗ a 4Ǥ heet tae reae th k-mer size and 
͕͗Ǧer hae t tae ea t ͕ǡ ǤeǤ a art ȋeept r hh related species), which does not allow clustering of distant species.
I d e n t i f i c a t i o n  a c c u r a c y
 a apeǡ e e the ͕Ǧearet ehr arth  ͔͗ ape r praǦ
pee ee aa ȋ͜ eǡ ͛ aeǡ ͛ rerǡ 4 ph a ͗ ǡ a-
͛͜
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re  ae ͖Ȍ a  ͗͗ ape r pee ee aa ȋ͕͕ pee  the a 
aeǡ ere  ppeetar ae ͖ a ͗ǡ are  ae ͖ȌǤ he ͕Ǧear-est neighbour classifier assigns to each sample, for each phylogenetic level (species, ge-nus, family, order, phylum and kingdom), the phylogenetic class of the sample with the 
aet taeǤ e reprt the peretae  ape rret aeǤ ͕͙Ǧer a 
͕͛Ǧer ee ara ae ͔͛Ψ a ͔͝Ψǡ repeteǡ at the praǦpee ee 
t ara e ͙͛Ψ at the pee eeǤ th ͖͕Ǧ a ͕͗Ǧer ae  t r-
ret a ͕͔͔Ψ  the ape at the praǦpee ee a ͛͜Ψ  the ape 
at the pee ee ȋ	re ͙ȌǤ he er ara r pee ee aat  the tomato clade can be attributed to introgressions and sympatric speciation in tomato, 
hh  reete  the ter tae ata ȋ	re ͚Ȍ a   areeet th the clustering obtained by (Aflitos et al.ǡ ͖͔͕4Ȍ hh e he ee  aa 
t trt treeǤ he ͕͗Ǧer ataetǡ he pare t the ͖͕Ǧer ataetǡ rete in an increased run time and disk usage without giving a discernible higher discrimina-
te per ȋ	re ͖ ǡ͗ a 4ȌǤ h et ͖͕  a  k-mer size for general purpose 
terǤ Cereǡ ͕͗Ǧer are reet e r 
 ata at he ȋre-viewed in Leggett et al.ǡ ͖͔͕͗Ȍ a the ae ĊđđĞċĎĘč database can be used for species identification.
M e d i a n M A D M e d i a n M A D
1 1 - m e r2 .1x100 6 10 0 .0 0 % 1.5 8 % 10 0 .0 0 % 0 .0 0 %
1 5 - m e r5 .4x100 8 5 3 .5 9 % 17 .0 7 % 10 0 .0 0 % 0 .0 0 %
1 7 - m e r8 .6 x100 9 8 .9 0 % 4.0 3 % 9 8 .3 7 % 0 .9 9 %
2 1 - m e r2 .2 x1012 0 .0 5 % 0 .0 3 % 8 1.45 % 2 0 .5 5 %
3 1 - m e r2 .3 x1018 0 .0 0 0 0 0 0 0 6 1% 0 .0 0 0 0 0 0 0 3 2 %6 7 .0 5 % 2 4.14%
k - m e r  
s i z e
#  C a n o n i c a l
k - m e r  
c o m b i n a t i o n s
%  o f  k- m e r s  f o u n d  p e r  s a m p l e
%  o f  k- m e r s  s h a r e d  b y  a t  l e a s t  t w o  
s a m p l e s
Table 1:  S ummary of search space per k-mer siz e and number of k-mers found in datasets. T he second 
column contains the total number of possible k-mers, calculated as ( 4k-mer sizeͬϮͿ͕ǁŚĞƌĞƚŚĞĚŝǀŝƐŝŽŶďǇ
ƚǁŽŝƐĚƵĞƚŽĐaŶŽŶŝǌaƚŝŽŶ͘dŚĞƚŚŝƌĚĐŽůƵŵŶŝƐƚŚĞŵĞĚŝaŶaŶĚƚŚĞDĞĚŝaŶďƐŽůƵƚĞĞǀŝaƚŝŽŶ;DͿ
of the total number of k -ŵĞƌƐĨŽƵŶĚŝŶƚŚĞƐaŵƉůĞƐĚŝǀŝĚĞĚďǇƚŚĞŶƵŵďĞƌŽĨƉŽƐƐŝďůĞk -mers ( second 
ĐŽůƵŵŶͿ͕ ƐŚŽǁŝŶŐ ƚŚĞ ƉĞƌĐĞŶƚaŐĞ ŽĨ ĐŽŵďŝŶaƚŝŽŶƐ aĐƚƵaůůǇ ĨŽƵŶĚ aŶĚ͕ ĐŽŶƐĞƋƵĞŶƚůǇ͕ ƚŚĞ ƐaƚƵƌaƚŝŽŶ
ŽĨƚŚĞƐĞaƌĐŚƐƉaĐĞ͖ƚŚĞĨŽƵƌƚŚĐŽůƵŵŶŐŝǀĞƐƚŚĞŵĞĚŝaŶaŶĚDŽĨƚŚĞƉĞƌĐĞŶƚaŐĞŽĨǀaůŝĚk-mers 
;ƐŚaƌĞĚďĞƚǁĞĞŶaƚůĞaƐƚƚǁŽƐaŵƉůĞƐͿ͘
T a b l e  2 :  WĞƌĐĞŶƚaŐĞ ŽĨ ĐŽƌƌĞĐƚ ĐůaƐƐŝĨŝĐaƚŝŽŶ ĨŽƌ ĞaĐŚ ŬͲŵĞƌ ƐŝǌĞ aŶĚ ĞaĐŚ ƚaǆŽŶŽŵŝĐ ůĞǀĞů͘ ^aŵƉůĞ
names are found in S upplementary T ables 2  and 3 .
K - m e r  s i z eS p e c i e sG e n u s F a m i l y O r d e r P h y l u m K i n g d o m
1 1 - m e r 0 % 5 7 % 6 3 % 6 3 % 7 7 % 7 7 %
1 5 - m e r 5 5 % 7 3 % 8 0 % 8 0 % 8 0 % 8 0 %
1 7 - m e r 7 3 % 9 3 % 9 7 % 9 7 % 9 7 % 9 7 %
2 1 - m e r 7 9 % 10 0 % 10 0 % 10 0 % 10 0 % 10 0 %
3 1 - m e r 7 9 % 10 0 % 10 0 % 10 0 % 10 0 % 10 0 %
͜͜
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F i g u r e  2 :  ,ŝƐƚŽŐƌaŵŽĨ:aĐĐaƌĚĚŝƐƚaŶĐĞƐĨŽƌĞaĐŚŬͲŵĞƌƐŝǌĞŽĨƚŚĞϭϯϱƐaŵƉůĞƐ͘ĚŝƐƚaŶĐĞŽĨϬŵĞaŶƐ
identity w hile a distance of 1 means no similarity. U sing 11-mers most samples are identical to each 
ŽƚŚĞƌ͘ &ŽƌϯϭͲŵĞƌƐ͕ŵŽƐƚƐaŵƉůĞƐƐŚaƌĞŶŽƐŝŵŝůaƌŝƚǇǁŝƚŚaŶǇŽƚŚĞƌƐaŵƉůĞĞǆĐĞƉƚĨŽƌƉŚǇůŽŐĞŶĞƚŝĐaůůǇ
closely related samples. 17  and 2 1-mers show  higher similarity betw een groups.
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F ig ur e  3 :  H eatmaps of J accard distance of 13 5  samples using 11-, 15 -, 17 -, 2 1- and 3 1-mers are show n 
in graphs A, B , C , D and E , respectiv ely. H ere, 0  ( red)  means identity betw een samples w hile 1 ( blue)  
means no identity. G enerally, closely related species show  high similarity w ith closely related species 
and no similarity w ith outgroups. T his leads to strong clustering inside groups but loose coupling be-
tw een groups. 
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4. A. I
F ig ur e  4 :  Phylogenetic trees from 13 5  samples. 11-, 15 -, 17 -, 2 1- and 3 1-mers are show n in graphs A, 
B , C , D and E , respectiv ely. I )  tree w ith phylogenetic distances;  I I )  tree w ithout phylogenetic distances, 
show ing the clustering more clearly;  trees ploƩed using iT O L  ( L etunic and B ork, 2 0 0 7 ) .
95
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S p e e d u p  b y  s u b s a m p l i n g
 tet the ee  ata et e ȋa pt  peepȌ a e ͖͕Ǧer showed the best trade-off between speed and discriminating power (consistent with Cannon et al.ǡ ͖͔͕͔Ȍǡ e ape ͖Ψ  the ataet  aa t ͕  the ͙͔ pee 
the ata a ra pt tǤ 	re ͛ h the pheet paeet  pee in the trees constructed using this dataset. The tree is indistinguishable from the one generated on the full dataset, illustrating the ability of CēĎĉĆėĎĆ to correctly classify samples even at very low sequencing coverage. This suggests that CēĎĉĆėĎĆ should be able to correctly cluster and identify samples using small and affordable NGS sequencing 
teh h a a e a r ȋ͙͔͔ p  ͖͖͙͔p reaǡ aǡ ͖͔͕͙ȌǤ
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F i g u r e  5 :  ϭͲŶĞaƌĞƐƚͲŶĞŝŐŚďŽƵƌaŶaůǇƐŝƐĨŽƌƚŚĞƐƵƉƌaͲƐƉĞĐŝĞƐůĞǀĞůaŶĚƐƉĞĐŝĞƐůĞǀĞů͘dŽƉƐŚŽǁƐƐƵƉƌaͲ
ƐƉĞĐŝĞƐůĞǀĞůaŶaůǇƐŝƐŽĨϯϬƐaŵƉůĞƐ͕ϴŐĞŶƵƐ͕ϳĨaŵŝůŝĞƐ͕ϳŽƌĚĞƌƐ͕ϰƉŚǇůƵŵaŶĚϯŬŝŶŐĚŽŵƐ͘ŽƚƚŽŵ
ƐŚŽǁƐƐƉĞĐŝĞƐůĞǀĞůaŶaůǇƐŝƐŽĨϯϯƐaŵƉůĞƐĨƌŽŵϭϭƐƉĞĐŝĞƐŽĨƚŚĞ^ŽůaŶƵŵĐůaĚĞ͘ůaƐƐŝĨŝĐaƚŝŽŶƌĞƉŽƌƚƐ
ƚŚĞ >ĞaǀĞͲKŶĞͲKƵƚ ƌŽƐƐͲsaůŝĚaƚŝŽŶ ĞƌƌŽƌ ĞƐƚŝŵaƚĞ ;>KKsͿ͕ ƐŚŽǁŝŶŐ ƚŚĞ ŝŵƉƌŽǀĞŵĞŶƚ ŝŶ aĐĐƵƌaĐǇ
ǁŝƚŚŝŶĐƌĞaƐĞĚŬͲŵĞƌƐŝǌĞaŶĚĨůaƚƚĞŶŝŶŐŽĨƉƌĞĐŝƐŝŽŶĨŽƌŬͲŵĞƌƐaďŽǀĞϮϭ͘^ aŵƉůĞŶaŵĞƐaŶĚĐůaƐƐĞƐĐaŶ
ďĞĨŽƵŶĚŝŶƐƵƉƉůĞŵĞŶƚaƌǇƚaďůĞƐϯaŶĚϰ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘
͕͔͙
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J o i n t  a n a l y s i s  o f  D N A  a n d  r n a - s e q  d a t a
etǡ e epae the ͕͙͗ ape ataet ȋt  ataae Creat eȌ th ͗4 
etra apeǡ ͖ ͚ e a ͜  Ǧe ȋppeetar ae ͕ Ȍǡ  ͖ ͕Ǧer a the faster Sample Analysis Mode. RNA-seq samples were added to verify whether transcrip-tome data would cluster with their genomic NGS counterparts, despite their small cover-
ae  the ee ethǤ et are h  	re ͜Ǥ he ter  the ra 
͕͙͗ ape  t hae a e ape ter rret ar t ther ph-eny. The consistent clustering observed for the RNA-seq dataset illustrates the ability of 
CēĎĉĆėĎĆ to use such data for accurate species identification.
C o m p a r i s o n  w i t h  Z¥ÙÄ&ÙTo demonstrate the advantages of CēĎĉĆėĎĆ, we compare it to a state-of-the-art alterna-tive tool, proposed in (Cannon et al.ǡ ͖͔͕͔ȌǤ he atet er  the tare tre 
ȋer ͕Ǥ͕Ǥ͗ǡ hereater reerre t p a ĊċĊėĊēĈĊ	ėĊĊ) was downloaded and run 
 t th  ȋp et al.ǡ ͖͔͔͝ȌǤ e e  er ͕Ǥ͗Ǥ͗ rather 
tha the atet er ȋ͕Ǥ͝Ǥ͔Ȍ e that a the at er tete th ĊċĊėĊēĈĊ	ėĊĊ. 
ĊċĊėĊēĈĊ	ėĊĊ a r e threae  a teȋȌ eȋȌ C ͛Ǧ 4͙͔͜ ̷ ͖Ǥ͔͔ GHz with a kǦer e  ͖͕ǡ a  ree  ͔ ȋǤeǤ  a kǦer appear ͕ or more times), no complexity filter and no sampling of k-mers. The list of shared k-mers generated was then parsed using the CēĎĉĆėĎĆ scripts in order to generate the phyloge-netic tree.
 a et  r ata ȋ4͕ aee eeǡ ppeetar ae ͕Ȍ ta 
4͔ 
p a ͖͔  k-mers, ĊċĊėĊēĈĊ	ėĊĊ ȋppeetar ae ͕Ȍ a ĊđđĞċĎĘč have a comparable speed for kǦer tǡ ta 4 hr t t 44͙  k-mers 
ȋ͖Ψ  the ttaȌǤ ĊċĊėĊēĈĊ	ėĊĊ the t ͚͔Ψ re te tha CēĎĉĆėĎĆ in single 
threae ape a e r er a ar the ret ȋ͔͛ hr Ǥ 
44 hrǡ repeteȌǤ te that the ataae reate  CēĎĉĆėĎĆ can be re-used in subsequent comparisons, whereas ĊċĊėĊēĈĊ	ėĊĊ requires all the k-mer count files to be merged again when re-run. Moreover, CēĎĉĆėĎĆ has the important advantage of being highly parallelizable while ĊċĊėĊēĈĊ	ėĊĊ can only be run single threaded. The phylo-genetic tree created by ĊċĊėĊēĈĊ	ėĊĊ a e   re ͝ǤBesides speed, CēĎĉĆėĎĆ (and ĊđđĞċĎĘč) use significantly less space, due to their bi-nary formats. They generate files which are smaller than the equivalent files created by ĊċĊėĊēĈĊ	ėĊĊ th ea e  ͝Ǥ͖ 
 Ǥ 4͖Ǥ͖ 
 ȋ  ͖Ǥ͙ 
 a ͕͕Ǥ͔ 
ǡ respectively) for the kǦer t e a ͖͖͛ 
 Ǥ ͖Ǥ͕  r the ere k-mer count file, despite the merged k-mer count file created by ĊċĊėĊēĈĊ	ėĊĊ ta  ͖Ψ  the total number of k-mers. 
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6 A
F ig ur e  6 :  Phylogenetic tress w ith and w ithout branch lengths of 9 8  S olanum taxa from 13  species. 
T he L ycopersicon group (comprised of Solanum lycopersicum, S. pimpinellifolium, S. cheesmaniae and 
S. galapagense)  clusters as a monophyletic group. S ometimes the non-S. lycopersicum species cluster 
inside the S. lycopersicum clade. W e speculate these are S. lycopersicum v arieties containing intro-
gression clustering w ith the donor species, consistently w ith the findings of AŇitos et al. ( 2 0 14) . T he 
Arcanum group (comprised of S. arcanum, S. chmielewskii and S. neorikii)  also clusters monophyleti-
cally, closer to the E riopersicon group, its sister group. T he North E riopersicon group (comprised of 
S. huaylasense, S. chilense, S. peruvianum and S. corneliomulleri)  groups w ith the S outh E riopersicon 
group (comprised of S. habrochaites, its only member)  and its sister group, Neolycopersicon (comprised 
of S. pennelli, its only member) . S. tuberosum and S. nicotiana w ere added as outgroups. Sample names 
ending in R AW  are raw  genomic data;  names ending in APL G  and C L C  are assembled genomes. A)  tree 
w ith phylogenetic distances;  B )  tree w ithtout phylogenetic distances, show ing the clustering more 
clearly;  T rees w ere ploƩed using iT O L  ( L etunic and B ork, 2 0 0 7 ) .
107
Cnidaria -  reference-free clustering of NGS data
6 B
Chapter 4
Figure 7 : R esults for 2 %  of the 2 1-mer dataset. A)  phylogenetic tree w ith distance;  B )  phylogenetic tree 
w ithout distance;  C )  heatmap of phylogenetic distances show ing low  inter-group similarity and high 
intra-group similarity;  D)  histogram of J accard distances show ing the same feature of low  inter-group 
similarity and high intra-group similarity. T rees w ere ploƩed using iT O L  ( L etunic and B ork, 2 0 0 7 ) .
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Figure 8 : R esults for the 2 1-mer dataset of 16 9  individuals using J accard distance and Neighbour-J oin-
ing. A)  phylogenetic tree w ith distance;  B )  phylogenetic tree w ithout distance ( tree branch length) ;  C )  
heatmap of phylogenetic distances show ing low  inter-group similarity and high intra-group similarity;  
D)  histogram of J accard distances show ing the same feature of low  inter-group similarity and high intra-
group similarity. S ample names ending in R AW  are raw  genomic data;  names ending in APL G  and C L C  
are assembled genomes;  names ending in R NA, R NAseq  and mR NA are R NA-seq  datasets. T rees w ere 
ploƩed using iT O L  ( L etunic and B ork, 2 0 0 7 ) .
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Figure 9: Phylogenetic tree created using  for 41 genomes. Due to filtering and sam-
pling performed by , clustering is impaired and inconsistent as exemplified by the 
positions of Pan troglodites, Nicotiana and Aspergillus.
͕͕͛
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C o n c l u s i o nWe have introduced CēĎĉĆėĎĆ, a tool to quickly and reliably analyse WGS and RNA-seq samples from both assembled and unassembled NGS data, offering significant advan-tages in terms of time and space requirements compared to a state-of-the-art tool. By 
ter  tta ͕͚͝ eart ape r ͛͜ pee ȋ4͖ eǡ ͖͗ aeǡ ͖͛ r-
erǡ ͙ phaǡ ͚  a ͗  r the arta perȌ e hae demonstrated that CēĎĉĆėĎĆ can handle a large number of samples from very distant 
pheet rǡ pr a reae tree th p t ͕͔͔Ψ aat ara 
at the pra pee ee a ͛͜Ψ ara at the pee eeǡ the ater ae e  mostly due to interspecific crossings. As CēĎĉĆėĎĆ is also able to analyse RNA-seq data, researchers can acquire, besides the species information, physiological state informa-tion such as pathogenicity and stress response of the sample for downstream analysis.A database created in Database Creation Mode allows querying directly for k-mers shared by a specified set of samples, enabling comparisons useful in several applications. Examples include identifying and quantifying polymorphisms between closely related samples, quantifying sequence diversity in the setup phase of large sequencing projects 
r ape eetǡ a ea ert aaǤ  atǡ k-mers shared ex-clusively by a set of samples can be used for diagnostic primer design, supporting the 
etet  taret eeǤ 	rtherreǡ ath k-mers between a sample and a close relative can be used to identify the source of contamination or introgressions, as performed by (Byrd et al.ǡ ͖͔͕4ȌǤ
A v a i l a b i l i t y  a n d  r e q u i r e m e n t sProject name:   CēĎĉĆėĎĆ
ret he paeǣ  httpǣȀȀǤaǤrǤȀara
perat teȋȌǣ  ͚4Ǧt 
rra aaeǣ  CΪΪ ͕͕ a th ͖Ǥ͛
ther rereetǣ  e t rǢ 
CC 4Ǥ͜ r hher r p
eeǣ   Restrictions to use by non-academics:   No
L i s t  o f  A b b r e v i a t i o n s  U s e dCCD  = CēĎĉĆėĎĆ Complete DatabaseCSD  = CēĎĉĆėĎĆ Summary DatabaseCSV  = Comma-Separated Values
	  α rete 	rer rarEST  = Expressed Sequence Tag
K-mer  = Substring of size kMAD  = Median Absolute DeviationNGS  = Next Generation SequencingPNG  = Portable Network GraphicsrDNA   = ribosomal DNA
	  α eereeǦ	ree ethRNA-seq = RNA sequencing
͕͕͜
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WGS  = Whole Genome Sequencing.fastq  = Raw assembly file.fasta  = Assembled sequence.ĊĜĎĈĐ = Phylogenetic tree file formatHTML  = HyperText Markup LanguageRead  = Contiguous sequence outputted by sequencing machine
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